Our aim was to evaluate the roles of the cannabinoid pathway in the induction and propagation of systemic sclerosis (SSc) in a mouse model of diffuse SSc induced by hypochlorite injections. BALB/c mice injected subcutaneously every day for 6 weeks with PBS or hypochlorite were treated intraperitoneally with either WIN-55,212, an agonist of the cannabinoid receptors 1 (CB1) and receptors 2 (CB2), with JWH-133, a selective agonist of CB2, or with PBS. Skin and lung fibrosis were then assessed by histological and biochemical methods, and the proliferation of fibroblasts purified from diseased skin was assessed by thymidine incorporation. Autoantibodies were detected by ELISA, and spleen cell populations were analyzed by flow cytometry. Experiments were also performed in mice deficient for CB2 receptors (Cnr2 ؊/؊ ). Injections of hypochlorite induced cutaneous and lung fibrosis as well as increased the proliferation rate of fibroblasts isolated from fibrotic skin, splenic B cell counts, and levels of anti-DNA topoisomerase-1 autoantibodies. Treatment with WIN-55,212 or with the selective CB2 agonist JWH-133 prevented the development of skin and lung fibrosis as well as reduced fibroblast proliferation and the development of autoantibodies. Experiments performed in CB2-deficient mice confirmed the influence of CB2 in the development of systemic fibrosis and autoimmunity. Therefore, we demonstrate that the CB2 receptor is a potential target for the treatment of SSc because it controls both skin fibroblast proliferation and the autoimmune reaction.
Our aim was to evaluate the roles of the cannabinoid pathway in the induction and propagation of systemic sclerosis (SSc) in a mouse model of diffuse SSc induced by hypochlorite injections. BALB/c mice injected subcutaneously every day for 6 weeks with PBS or hypochlorite were treated intraperitoneally with either WIN-55,212, an agonist of the cannabinoid receptors 1 (CB1) and receptors 2 (CB2), with JWH-133, a selective agonist of CB2, or with PBS. Skin and lung fibrosis were then assessed by histological and biochemical methods, and the proliferation of fibroblasts purified from diseased skin was assessed by thymidine incorporation. Autoantibodies were detected by ELISA, and spleen cell populations were analyzed by flow cytometry. Experiments were also performed in mice deficient for CB2 receptors (Cnr2 Systemic sclerosis (SSc) is a connective tissue disorder characterized by vascular alterations, extensive fibrosis, and immunological dysregulations associated with specific autoantibodies (AAbs). 1 The involvement of visceral organs determines the prognosis of the disease, which can be life threatening. Despite progresses in the treatment of some visceral complications, no treatment has been designed to date that can cure SSc, in part because the mechanisms underlying the disease remain unclear. 2, 3 Endogenous cannabinoids are lipid molecules produced by most cell types in the brain and various peripheral tissues. They exert a broad range of biological effects that are reproduced by ⌬9-tetra-hydroxycannabinol, the main constituent of marijuana. Anandamide and 2-arachidonoylglycerol are the two most widely studied endocannabinoids. They exert their effects through the binding to two protein G-coupled specific receptors: cannabinoid receptors 1 (CB1) and receptors 2 (CB2). 4, 5 The CB1 receptor, predominantly expressed in brain, is present to a lesser extent in endothelium and liver. The CB2 receptor has been initially detected in hematopoietic and immune cells, but recent studies have identified this receptor in fibroblasts, endothelial cells, liver cells, and myocytes. 6 -13 Moreover, the ex-pression of the CB2 receptor can be influenced by various pathological conditions such as inflammation. In addition to their well-characterized psychoactive effects, cannabinoids modulate various key functions, especially cardiovascular and endothelial functions. The endocannabinoid pathway abrogates the activation of endothelial cells isolated from sinusoidal vessels of human liver and from human coronary arteries and prevents ischemia/reperfusion damages in the liver, [13] [14] [15] the heart, and the brain. 16, 17 This role is assumed by CB2 agonists that act as modulators of endothelial cell activation and endothelial/ inflammatory cell interaction and down-regulate adhesion molecules such as intracellular cell adhesion molecule 1 and vascular cell adhesion molecule 1. 18 Moreover, natural or synthetic cannabinoids display immunomodulatory effects on the proliferation and apoptosis of T and B lymphocytes, the activation of macrophage, and the production of cytokines and chemokines. 19 -21 Most of these effects are CB2 receptor-dependent. In addition, recent data have shown that CB2 receptor agonists counteract liver fibrogenesis. 12, 22 CB2 receptors are also present in the skin, 23 and their activation prevents bleomycin-induced dermal fibrosis in the mouse. 24 Because endothelial cells, fibroblasts, and immune cells are dysregulated in SSc and are also the targets of cannabinoids, we were prompted to investigate the role of these molecules in SSc. To this end, we used a recently described murine model of SSc that recapitulates the main features of the cutaneous diffuse form of the human disease. 25 
Materials and Methods

Animals, Cells, and Chemicals
Specific pathogen-free 6-week-old female BALB/c and C57BL/6 CB2 ϩ/ϩ mice were purchased from Harlan (Gannat, France) and maintained with food and water ad libitum. To obtain single mutant mice with a targeted mutation of the Cnr2 gene on an inbred congenic genetic background, heterozygous Cnr2 ϩ/Ϫ mice were backcrossed with wild-type C57Bl/6J animals (The Jackson Laboratory, Bar Harbor, ME) over 10 generations. Heterozygous mice from the N10 generation were intercrossed to homozygous Cnr2 Ϫ/Ϫ animals (CB2 Ϫ/Ϫ mice). 26 All mice were housed in autoclaved cages with free access to food and water. They were given humane care according to the guidelines of our institution. All cells were cultured as previously reported. 27, 28 All chemicals, except for monoclonal antibodies, were from Sigma (Saint-Quentin Fallavier, France) except JWH-133 (Tocris Bioscience, Ellisville, MO).
Induction of SSc by Subcutaneous Injections of a HOCl-Generating Solution to BALB/c Mice
Six week-old BALB/c mice were randomly distributed into experimental and control groups (n ϭ 21 per group). One hundred microliters of a solution generating HOCl were injected subcutaneously into the shaved back of the mice, using a 27-gauge needle, every day for 6 weeks, as previously described (HOCl mice). 25 Control groups received injections of 100 l sterilized PBS (PBS mice). All agents were prepared extemporaneously. HOCl was produced by adding 166 l NaClO solution (2.6% as active chlorine) to 11.1 ml KH 2 PO 4 solution (100 mmol/L, pH 7.2). 29 HOCl concentration was determined by spectrophotometry at 292 nm (molar absorption coefficient ϭ 350 M Ϫ1 cm Ϫ1 ).
Treatment by Cannabinoid Agonists
HOCl and PBS BALB/c mice were randomized and treated simultaneously by intraperitoneal injections either with WIN-55,212, a nonselective CB1 and CB2 agonist, or JWH-133, a selective CB2 agonist, or vehicle alone for 6 weeks (n ϭ 14 per group). Cannabinoid agonists were given 5 days a week from Monday to Friday. The doses increased each week: WIN-55,212 was started at 0.5 mg/kg per day the first week, and then 1, 2, 3, 4, and 5 mg/kg per day the following weeks; JWH-133 was started at 1 mg/kg per day, and then 1.5, 2, 2.5, 3, and 4 mg/kg per day. WIN-55,212 and JWH-133 were reconstituted with DMSO, aliquoted, and stored as stock solutions at a concentration of 1 mg/ml at Ϫ20°C. Each day, the stock solutions were diluted in PBS. One week after the end of the subcutaneous and peritoneal injections, the animals were killed by cervical dislocation. Serum samples were collected and stored at Ϫ80°C until use. Lungs were removed from each mouse. One lung was stored at Ϫ80°C for collagen assay. The remaining lung was reinflated by injection of 10% phosphate buffered formalin fixative for 24 hours and then washed and stored in 70% ethanol fixative. A skin biopsy was performed on the back region with a punch (6 mm of diameter), involving the skin and the underlying muscle of the injected area. Samples were stored at Ϫ80°C for determination of collagen content or fixed in 10% neutral buffered formalin for histopathological analysis. All tissues were examined by a pathologist blind with respect to the experimental groups.
Induction of SSc by Subcutaneous Injections of a HOCl-Generating Solution to C57BL/6 CB2 Ϫ/Ϫ Mice
Ten-week-old C57BL/6 CB2 Ϫ/Ϫ and CB2 ϩ/ϩ mice were randomly distributed into experimental and control groups (n ϭ 5 per group). The experimental procedure was similar to that applied to BALB/c mice, except that C57BL/6 CB2 ϩ/ϩ and CB2 Ϫ/Ϫ mice were killed after three weeks of subcutaneous injections.
Assessment of Dermal Thickness
Skin thickness of the shaved back of mice was measured one day before sacrifice with a caliper and expressed in millimeters.
Histopathological Analysis
Fixed lung and skin pieces were embedded in paraffin. A 5-m-thick tissue section was prepared from the midpor-tion of paraffin-embedded tissue and stained either with hematoxylin eosin and safran or with picro-sirius red. Slides were examined by standard brightfield microscopy (Olympus BX60, Tokyo, Japan) by a pathologist who was blinded to the assignment of the animal group.
Collagen Content in Skin and Lung
Skin taken from the site of injection and lung pieces were diced using a sharp scalpel, put into aseptic tubes, thawed, and mixed with pepsin (1:10 weight ratio) and 0.5 M acetic acid overnight at room temperature under stirring. Collagen content assay was based on the quantitative dye-binding Sircol method (Biocolor, Belfast, N. Ireland). 30 
Isolation of Fibroblasts from the Skin of Mice and Proliferation Assays
Skin fragments from the back of mice were collected at the time of sacrifice. Skin samples were digested with "Liver Digest Medium" (Invitrogen) for 1 hour at 37°C. After three washes in complete medium, cells were seeded into sterile flasks and isolated fibroblasts were cultured in DMEM/Glutamax-I supplemented with 10% heat-inactivated fetal calf serum and antibiotics at 37°C in humidified atmosphere with 5% CO2. For proliferation assays, primary fibroblasts (2 ϫ 10 3 per well) were seeded in 96-well plates and incubated with 150 l of culture medium with 10% fetal calf serum at 37°C in 5% CO 2 for 48 hours. Cell proliferation was determined by pulsing the cells with [ 3 H]thymidine (1Ci per well) during the last 16 hours of culture. Results were expressed as absolute numbers of counts per minute.
Effect of Various Concentrations of WIN-55,212 and JWH-133 on the in Vitro Proliferation of Skin Fibroblasts
Fibroblasts isolated from the skin of HOCl BALB/c mice were seeded in 96-well plates (4 ϫ 10 3 per well) and incubated with 10, 20, or 40 mol/L WIN-55,212 or JWH-133 in culture medium supplemented with 10% fetal calf serum at 37°C in 5% CO 2 for 48 hours. Cell proliferation was determined as previously described.
Flow Cytometric Analysis of Spleen Cell Subsets
Cell suspensions from spleens were prepared after hypotonic lysis of erythrocytes. Cells were incubated with the appropriately labeled antibody (Ab) at 4°C for 45 minutes in PBS with 0.1% sodium azide and 5% normal rat serum to block nonspecific binding. Cell suspensions were then subjected to four-color analysis on a FACS Canto flow cytometer (BD Biosciences, San Jose, CA). The monoclonal Abs used in this study were as follows: anti-B220-PE mAb, anti-CD11b-FITC mAb, anti-CD4-APC-Cy7 mAb, and anti-CD8-PE-Cy7 mAb (BD Pharmingen, Franklin, NJ).
Assays of Serum Immunoglobulins and AAbs
Serum samples were frozen at the time of sacrifice, and all samples were analyzed at the same time. Levels of anti-DNA topoisomerase 1 IgG Abs were detected by ELISA on microtiter plates (Immunovision, Springdale, AR) coated with Scl 70 antigen. Levels of total mouse IgG and IgM Abs, of anti-dsDNA IgG Abs, of anti-cardiolipin IgG Abs, and of IgM rheumatoid factors were measured using standard ELISA as previously described. 31 A 1:50 serum dilution was used for the determination of all AAbs.
Statistical Analysis
All quantitative data are expressed as means Ϯ SEM. Data were compared using the Mann-Whitney nonparametric test or the Student paired t test. When analysis included more than two groups, one way analysis of variance was used. A P value Ͻ0.05 was considered significant.
Results
Activation of the Cannabinoid Receptors Prevents the Development of Skin Fibrosis in HOCl mice
As previously observed, subcutaneous injections of HOCl in BALB/c mice induced an increase in dermal thickness and in the concentration of acid-and pepsin-soluble type I collagen in the skin versus injections of PBS (P Ͻ 0.0001 in both cases; Figure 1 , A and B). Histopathological analysis confirmed the dermal fibrosis ( Figure 1A ).
To evaluate whether the activation of cannaboid receptors affects the development of dermal fibrosis in this model of SSc, mice exposed to HOCl were simultaneously treated with WIN-55,212, an agonist of both CB1 and CB2 receptors. WIN-55,212 reduced the dermal thickness and the accumulation of collagen induced by HOCl (P ϭ 0.0007 for dermal thickness and P ϭ 0.0006 for collagen concentration in the skin, versus untreated mice exposed to HOCl; Figure 1 , A and B). Those results were confirmed by histopathological analysis of skin biopsies stained with hematoxylin and eosin ( Figure 1C ) and with picro-sirius red staining (Figure 2A ), which showed a decrease in dermal thickness in HOCl-BALB/c mice treated with WIN-55,212.
We next investigated the effect JWH-133, a selective agonist of CB2, on the development of dermal fibrosis induced by HOCl. JWH-133 significantly reduced the dermal thickness and the accumulation of collagen in the skin of HOCl mice (P ϭ 0.0004 for dermal thickness and P ϭ 0.005 for collagen concentration in the skin, versus untreated HOCl mice; Figure 1, A and B) . These results, confirmed by histopathological analysis ( Figures 1C and  2A) , show that the selective activation of CB2 is sufficient to reduce the fibrotic process triggered by HOCl.
Activation of the Cannabinoid Receptors Prevents the Development of Lung Fibrosis in HOCl Mice
In addition to skin fibrosis, HOCl-treated BALB/c mice developed lung fibrosis, as shown by histopathological analysis ( Figure 1D ) and by the higher concentration of type I collagen in the lungs of HOCl mice as compared with mice treated with PBS (P ϭ 0.0002; Figure 1E ). WIN-55,212 abrogated the development of lung fibrosis induced by HOCl, as shown by histopathological analysis and by the weaker accumulation of type I collagen in lungs (P ϭ 0.0002 for WIN-treated versus untreated HOCl mice; Figures 1, D and E, and 2B).
The selective agonist of CB2, JWH-133, also reduced the concentration of type I collagen in the lungs compared with untreated HOCl mice (P ϭ 0.002 for JWH-treated versus untreated HOCl mice; Figure 1E ). Those data were confirmed by the histopathological analysis of lung biopsies stained with hematoxylin and eosin ( Figure 1D ) and with picro-sirius red staining ( Figure 2B ), which showed a decreased fibrosis in BALB/c mice submitted to HOCl injections and simultaneously treated with JWH-133.
Immunohistochemistry analysis of lung tissue sections from BALB/c mice injected with HOCl evidenced an inflammatory infiltrate mostly consisting of T lymphocytes. WIN-55,212 and JWH-133 reduced the pulmonary T cell infiltrate triggered by HOCl (see supplemental Figure S1 at http://ajp.amjpathol.org).
Activation of Cannabinoid Receptors Normalized the Rate of Dermal Fibroblast Proliferation in Vivo and in Vitro
We next investigated whether the activation of the cannabinoid signaling pathway modified the growth of fibroblasts isolated from fibrotic skin. Skin fibroblasts isolated from HOCl mice displayed a higher proliferation rate than fibroblasts obtained from mice injected with PBS (P ϭ 0.0004; Figure 3A ). By contrast, the rate of proliferation of fibroblasts isolated from HOCl mice treated with WIN-55,212 was lower than that of fibroblasts isolated from mice injected with PBS (P ϭ 0.02 for HOCl mice treated with WIN-55,212 versus HOCl mice not treated with WIN-55,212; P ϭ 0.71 for HOCl mice treated with WIN-55,212 versus PBS mice treated with WIN-55,212; Figure 3A) .
The rate of proliferation of skin fibroblasts was also reduced when HOCl mice were treated with the selective CB2 agonist JWH-133, compared with that of fibroblasts isolated from HOCl mice without any treatment (P ϭ 0.02 for HOCl mice treated with JWH-133 versus HOCl mice and untreated with JWH-133 and P ϭ 0.13 for HOCl mice treated with JWH-133 versus PBS mice treated with JWH-133; Figure 3A) .
Because fibroblasts from HOCl mice displayed an abnormal phenotype with an excessive rate of proliferation, additional experiments were performed to assess Figure 3B ). Thus, cannabinoid agonists counteracted the proproliferative effect of HOCl on fibroblasts both in vivo and in vitro and prevented skin and lung fibrosis.
Activation of CB2 Receptors Decreases the Expansion of Splenic B-Cells in HOCl Mice
We next investigated the effects of the activation of cannabinoid receptors on the immune system because both in humans and mice, diffuse SSc is characterized by B cell activation and the production of AAbs. As previously reported, exposure to HOCl for six weeks increased the total numbers of splenic B220 ϩ B cells compared with PBS-injected mice (P ϭ 0.011; Figure 4A ). No significant difference was observed in the numbers of CD11b ϩ , CD4 ϩ , or CD8 ϩ spleen cells between HOCl and PBSinjected mice (data not shown).
Activation of the cannabinoid pathway by WIN-55,212 or by the selective CB2 agonist JWH-133 prevented the increase in splenic B cell numbers in HOCl mice (P ϭ 0.003 for HOCl mice treated by WIN-55,212 versus HOCl mice; P ϭ 0.003 for HOCl mice treated by JWH-133 versus HOCl mice; Figure 4A ).
Activation of CB2 Receptors Decreases the Serum Levels of Anti-DNA-Topoisomerase 1 AAbs Induced by HOCl
We next tested the effects of WIN-55,212 and JWH-133 on the specific autoimmune response to DNA-topoisomerase 1 that characterizes the cutaneous diffuse SSc phenotype. As previously observed, mice exposed to HOCl developed anti-DNA topoisomerase 1 IgG Abs (P ϭ 0.002 versus PBS; Figure 4B ). No significant levels of anti-DNA IgG Abs, anticardiolipine IgG Abs or rheumatoid factors were detected in the sera of these mice (data not shown).
Mice treated with WIN-55,212 or JWH-133 did not develop anti-DNA topoisomerase1 IgG Abs after exposure to HOCl compared with untreated mice (P ϭ 0.002 for HOCl mice treated by WIN-55,212 versus HOCl mice; P ϭ 0.03 for HOCl mice treated by JWH-133 versus HOCl mice; Figure 4B) .
Thus, the nonselective cannabinoid agonist WIN-55,212 and the selective CB2 agonist JWH-133 counteracted the proproliferative effects of HOCl on B cells and prevented the selective autoimmune response to DNAtopoisomerase 1.
CB2 Ϫ/Ϫ Mice Develop an Enhanced Cutaneous Fibrosis Compared with CB2
ϩ/ϩ Mice
To further evaluate the role of CB2 receptors in the development of SSc, we performed subcutaneous injections of a HOCl-generating solution or PBS in CB2 Ϫ/Ϫ mice and compared the extension of the induced fibrosis to that observed in CB2 ϩ/ϩ mice submitted to the same regimen. Because of the rapid establishment of the disease in CB2 Ϫ/Ϫ mice, all animals were killed after 3 weeks of treatment to maximize the differences. Subcutaneous injections of HOCl every day for three weeks induced a significant dermal thickness compared with PBS-injected mice both in CB2 Ϫ/Ϫ and CB2 ϩ/ϩ mice (P Ͻ 0.0001 for CB2 Ϫ/Ϫ mice and P ϭ 0.0002 for CB2 ϩ/ϩ mice; Figure 5A ). The dermis was thicker in CB2 Ϫ/Ϫ mice than in CB2 ϩ/ϩ mice (P ϭ 0.029; Figure 5A ). Those results were confirmed by histopathological analysis of skin biopsies, which showed more skin fibrosis in CB2 Ϫ/Ϫ mice than in CB2 ϩ/ϩ mice submitted to HOCl injections ( Figure 5B ). The concentration of acid-and pepsin-soluble type I collagen in the skin extracts of both CB2 Ϫ/Ϫ mice and CB2 ϩ/ϩ mice was higher than in their respective controls injected with PBS (P ϭ 0.029 for CB2
Ϫ/Ϫ mice and P ϭ 0.016 for CB2 ϩ/ϩ mice versus their respective controls; Figure 5C ). The accumulation of collagen in the skin was higher in CB2 Ϫ/Ϫ mice than in CB2 ϩ/ϩ mice (P ϭ 0.029; Figure 5C ).
CB2 Ϫ/Ϫ Mice Develop an Earlier and Enhanced Lung Fibrosis Compared With CB2
In addition to skin fibrosis, CB2 Ϫ/Ϫ mice exposed to HOCl subcutaneously for three weeks developed a lung fibrosis, as shown by the higher concentration of type I collagen in the lungs compared with PBS-injected CB2 Ϫ/Ϫ mice (P ϭ 0.016; Figure 5D ) and by histopathological analysis ( Figure  5E ). CB2 ϩ/ϩ mice displayed a slight lung fibrosis as shown by few foci of fibrosis on histological analysis ( Figure 5E ) and by a 32% increase in type I collagen content of the lung. However, after three weeks of treatment, this increase did not yet reach significance (P ϭ 0.413 versus PBSinjected CB2 ϩ/ϩ mice; Figure 5 , D and E).
The Rate of Skin Fibroblast Proliferation Is Higher in HOCl-CB2 Ϫ/Ϫ Mice Than in HOCl-CB2 ϩ/ϩ Mice
We next investigated whether CB2 modulated the growth of fibroblasts isolated from fibrotic skin areas of mice. Skin fibroblasts isolated from HOCl-CB2 Ϫ/Ϫ mice displayed a higher proliferation rate than fibroblasts obtained from CB2 Ϫ/Ϫ mice injected with PBS (P ϭ 0.032; Figure 5F ). Moreover, the rate of proliferation of fibroblasts isolated from HOCl-CB2 Ϫ/Ϫ mice was higher than that of fibroblasts from HOCl-CB2 ϩ/ϩ mice (P ϭ 0.032; Figure 5F ).
HOCl Injections Induced a Rapid and High Increase in Splenic B Cells in CB2 Ϫ/Ϫ Mice
The consequences of CB2 gene silencing on the activation of the immune system in this model of SSc were then evaluated. Subcutaneous injections of HOCl induced a significant increase in the total numbers of splenic B220 ϩ B cells in CB2 Ϫ/Ϫ mice compared with PBS-injected CB2 Ϫ/Ϫ mice (P ϭ 0.016; Figure 6A ), but no significant difference was observed in the numbers of splenic B cells in HOCl-CB2 ϩ/ϩ mice compared with PBS-injected CB2 ϩ/ϩ controls (P ϭ 0.86; Figure 6A ) after only three weeks of HOCl injections. 
CB2 Ϫ/Ϫ Mice Exposed to HOCl Display a Strong and Selective Autoimmune Response Directed Toward DNA-Topoisomerase 1
Finally, we tested the effect of the inhibition of CB2 signaling on the specific autoimmune response that characterizes the cutaneous diffuse form of SSc. As previously observed in BALB/c mice, no significant levels of anti-DNA IgG Abs, anticardiolipine IgG Abs, or rheumatoid factors were detected in the sera of CB2 ϩ/ϩ or CB2 Ϫ/Ϫ C57BL/6 mice after three weeks' HOCl exposure, whereas both CB2 ϩ/ϩ and CB2 Ϫ/Ϫ mice developed anti-DNA topoisomerase 1 IgG AAbs (P ϭ 0.032 for CB2 ϩ/ϩ mice and P ϭ 0.016 for CB2 Ϫ/Ϫ mice versus the respective PBS-injected control mice; Figure 6B and data not shown). In addition, the level of anti-DNA topoisomerase 1 IgG Abs was higher in HOCl-CB2
Ϫ/Ϫ mice than in HOCl-CB2 ϩ/ϩ mice (P ϭ 0.032; Figure 6B ).
Discussion
In this article, we have shown that the cannabinoid pathway is involved in the control of skin and lung fibrosis and of autoimmunity in SSc. Consequently, we suggest that cannabinoid agonists could represent a new treatment in this life-threatening disease. In addition to their well-characterized psychoactive effects, cannabinoids display a broad range of properties, through the binding to their receptors CB1 and CB2. These receptors control several central and peripheral functions including neuronal transmission, cardiovascular functions, inflammation, and autoimmunity. They can also modulate cell motility, proliferation, and apoptosis. 4 In our hands, both nonselective CB1/CB2 and selective CB2 agonists prevent systemic fibrosis in a recently described murine model of SSc mimicking the human disease. The disease, induced by chronic subcutaneous injections of agents generating hypochlorous acid (HOCl), 25 includes cutaneous and lung fibrosis, kidney involvement, and the production of serum anti-DNA topoisomerase 1 Abs-all features that characterize diffuse cutaneous SSc in humans. Moreover, in these mice, the lung fibrosis is associated with a T cell infiltrate, similar to that observed in human SSc. Experiments performed in SCID mice suggest that B and T lymphocytes are not required for the development of the disease in this new model of SSc. However, the extent of the HOCl-induced pulmonary fibrosis was lower in SCID mice than in immunocompetent mice, indicating that the immune system synergizes with the direct effects of oxidative molecules for the full development of the systemic disease. 25 In this model, cannabinoid agonists can counteract the profibrogenic effect of HOCl on skin and lung. Conversely, mice lacking the CB2 receptor are more susceptible to HOCl and develop enhanced and accelerated skin and lung fibrosis. If CB2 receptor agonists have been found to inhibit LPS-induced pulmonary inflammation, 32 this is the first report showing the role of the cannabinoid pathway in lung fibrosis. On the other hand, several studies have previously shown the antifibrogenic role of cannabinoid agonists in dermal, cardiac, and liver fibrosis. In a recent work by Akhmetshina et al, 24 treating mice by the CB2 agonist JWH-133 prevented the profibrotic effect of bleomycin in the skin. In the same model, inhibiting of CB2 signaling increased bleomycin-induced dermal fibrosis. CB2 stimulation by JWH-133 has been shown to protect murine hearts against fibrosis after myocardial infarction, whereas hearts from CB2 Ϫ/Ϫ mice displayed fibrosis, myocyte hypertrophy, and cardiac dysfunction four weeks after ischemia/reperfusion injury. 13 In addition, evidence has been reported for the involvement of the cannabinoid pathway in liver fibrosis. Thus, the expression of CB1 and CB2 receptors is up-regulated in cirrhotic liver, 11 but CB1 and CB2 stimulations exert opposite effects. Indeed, whereas CB1 is profibrogenic, CB2 activation abrogates the fibrotic process by arresting growth and triggering the apoptosis of myofibroblasts in human cirrhotic liver in vitro. 12 In line with this result, mice lacking CB2 receptors develop enhanced liver fibrosis after chronic carbon tetrachloride treatment. 12 Furthermore, CB2 activation not only limits the development of fibrosis but can induce the regression of pre-existing fibrosis, as demonstrated in cirrhotic rats. In those animals, JWH-133 decreases the inflammatory infiltrate in the liver, the number of activated stellate cells and the extension of the fibrosis and increases the expression of the matrix metalloproteinase MMP-2. 22 We also observed a tendency of pre-existing skin fibrosis to decrease in our mouse model of systemic fibrosis with the cannabinoid agonist WIN-55212 (see supplemental Figure  S2 at http://ajp.amjpathol.org). Those results showing a protective role of cannabinoid agonists, especially CB2 agonists, are concordant with those previous results obtained in other fibrotic diseases.
Beside skin and visceral fibrosis, SSc is characterized by B and T cell activation and by the production of AAbs, whose targets differ in the cutaneous limited and in the cutaneous diffuse subtype of SSc. As observed in the cutaneous diffuse form of the human disease, BALB/c and C57BL/6 mice exposed to HOCl develop AAbs that selectively target DNA topoisomerase 1. In our hands, the use of agonists of cannabinoid receptors and of mice with silenced CB2 genes as well, has shown the involvement of the cannabinoid pathway to abrogate B cell proliferation and the production of anti-DNA topoisomerase 1 AAbs. The part played by the cannabinoid pathway in immune cell development and activation has been well established. Cannabinoid receptors are expressed in virtually all human peripheral blood immune cells, especially on B cells. However, both human and mouse immune cells express CB2 at higher levels than CB1. 33, 34 The best studied vegetal cannabinoid, ⌬9-tetrahydrocannabinol, is immunosuppressive both in vivo and in vitro, and a reduction in B cell proliferation and in antibody production has been observed on treatment with cannabinoid agonists. 20, 35 Our results in a mouse model of SSc are in agreement with those observations and with the beneficial effects of cannabinoid agonists in other mouse models of inflammatory autoimmune diseases, such as collagen-induced arthritis 36 and experimental autoimmune encephalitis. 37 Altogether, the effects of cannabinoid agonists on fibrogenesis, on the immune system, and on endothelial activation can associate to abrogate the development of SSc. However, the mechanisms through which the cannabinoid pathway controls fibrosis are not fully understood and may be different according to the topography of the phenomenon and to its etiology. In our hands, cannabinoid agonists significantly decrease in vitro and in vivo the proliferation rates of dermal fibroblasts. These data argue for a direct role of the cannabinoid pathway on fibroblasts to limit the fibrotic process. It is in agreement with the demonstration that, in hepatic myofibroblasts derived from human cirrhotic liver, CB2 agonists induce both growth arrest and apoptosis through COX-2 activation and reactive oxygen species production, respectively. 12 Importantly, in our experiments, the nonselective CB1 and CB2 agonist WIN-55,212 dramatically reduces the proliferation rate of fibroblasts in vitro, whereas JWH-133, a selective CB2 agonist, exerts a more moderate inhibitory effect on the proliferation of fibroblasts. Nevertheless, JWH-133 limits the development of skin and lung fibrosis as efficiently as WIN-55,212 in mice exposed to HOCl. Thus, the cannabinoid system might affect the outcome of fibrosis not only by reducing fibroblast proliferation but also indirectly by controlling B cell activation. Consistent with this hypothesis, we observed a decrease in B cell proliferation and in the production of anti-DNA topoisomerase 1 AAbs in mice treated with agonists of cannabinoid receptors and in CB2 Ϫ/Ϫ mice. Other reports are consistent with this hypothesis, suggesting that the cannabinoid pathway limits the fibrotic process by controlling the inflammatory response. 14, 18 In mice exposed to bleomycin, CB2 mediates its antifibrogenic properties by inhibiting leukocyte infiltration in the skin. 24 In this model of fibrosis, the increased susceptibility of CB2 Ϫ/Ϫ mice to experimental fibrosis was fully replicated by transplantation of CB2-deficient bone marrow cells into CB2 ϩ/ϩ mice. 24 In cardiac remodeling after ischemia/reperfusion injuries, CB2 activation prevents fibroblast activation and limits macrophage infiltration and TGF-␤ production. 13 In addition, the cannabinoid system has been shown to activate the synthesis of matrix metalloproteinases that control collagen deposition. 22, 38 In conclusion, modulation of the endocannabinoid system is a novel approach for the treatment of various inflammatory diseases. SSc appears as a privileged condition because the cannabinoid pathway modulates fibroblast proliferation, immune cell activation, and the interaction between endothelial cells and immune cells, all targets that determine the tissular damages in SSc. In this report, we demonstrate for the first time the highly protective role of cannabinoid agonists in SSc. Because these agonists are available and well-tolerated under clinical conditions, our data offer a new therapeutic opportunity in this life-threatening disease.
